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 Concentration of solar irradiance on photovoltaic cells causes a significant 
increase in cell temperature which considerably decreases its electrical 
conversion efficiency. In contrast, high temperature difference is essential to 
generate a large amount of power from thermoelectric modules. So, using 
hybrid solar concentration photovoltaic-thermoelectric system combined 
with micro-channels is a desperate need that will increase the system overall 
efficiency. Therefore, in this study, a three-dimensional comprehensive 
model is developed.  The model is numerically simulated by ANSYS 
Workbench v. 17.2. with important variables  such as input solar energy and 
micro-channel coolant flow rate were included to control photovoltaic cell 
temperature lower than critical point (i.e. 85 ℃)and enhance temperature 
difference between  the thermoelectric surfaces (i.e. hot &cold) higher than 
 150 ℃. The system is operated with different values of solar concentration 
ratios and coolant mass flow-rate. The results shown that using 
thermoelectric generator in parallel with photovoltaic will enhance the 
overall system efficiency to certain values. More so, the proposed system 
attains its maximum solar irradiance efficient for safe operation of the 
systems component.  
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1. INTRODUCTION 

To make environment, surrounding clean 
and free of pollution, we should reduce carbon 
emissions from conventional power stations, 
or search for friendly power station like solar 
systems[1]. Solar system could be of high 
capacity like central receiver system or 
medium or low capacity like photovoltaic 
(PV). Solar PV systems are considered as 
always a good choice for medium and low 
capacity. Solar Thermoelectric Generator 
(STEG) also could be used for generation of   
electricity. As absorber plate with high 
absorptivity surface is used in harvesting 
majority of incident solar energy[2, 3].Both 
PV and STEG are use as direct conversion 
devices that could be affected by operating 
temperature. As known increasing of PV cell 
temperature decreases the conversion 
efficiency and may cause material failure [4]. 
Another view with Thermoelectric Generator 
(TEG), is the increase of hot side surface 
temperature at certain level and at constant 
value of the cold side surface temperature 
which enhances the conversion efficiency[1] . 

Obviously, using solar concentrator (SC) to 
get more absorbed solar energy, means more 
generated electricity, in addition to higher 
body temperature which is good for TEG and 
not good for PV, as earlier highlighted. 
Definitely, SC is a powerful tool for 
increasing absorbing energy by PV, or STEG 
systems. Cooling heat sink (HS) is also very 
important in treating SC side effects on PV 
material (i.e. control its temperature below 
critical point 85℃). Also HS helps to increase 
temperature difference between its surfaces by 
increasing  its convention efficiency [5] and  
if it is required, the remaining thermal energy 
absorbed by cooling fluid could be used for 
heating applications. Cooling can be natural or 
forced convection while,  air, water, or Phase 
Change Material (PCM) material  could be 
used as working material [6]. Merging 
between PV and TEG in one system is 
acceptable concept to achieve better utility of 
input solar energy [7]. Many scientific 
researchers are interested in some of those 
systems. Ravita Lamba et al., [8] presented a 
theoretical thermodynamic model to analyse 
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the performance of a concentrated PV–TEG 
hybrid system that was solved and optimized 
using MATLAB. Guiqiang Li. et al, [9] 
studied  on  contact methods between PV and 
TEG (new system consisting of PV, and 
TEG). M. Hajji et al, [10] reported on 
Saturated Water flowing through flat micro-
channel, transporting heat from PV (i.e. 
evaporator) to hot surface of TEG (i.e. 
condenser) with the cold surface of TEG is 
cooled by fins.  

 
In another hand there are some 

researchers worked on performance of indirect 
contact between PV and TEG. They studied a 
new concept based on an indirect (i.e. instead 
of direct) photovoltaic and thermoelectric 
coupling with a concentrator is placed 
between PV and TEG without any physical 
contact of the three components. They used 
different values solar concentration up to 2000 
Watt per meter square with variable cooling 
capacity. The results revealed that an indirect 
coupling is an interesting choice to maximize 
solar energy investment that will give 
maximum overall efficiencies of 20%, and 
28% for uncooled and cooled systems, 
respectively. Willars-Rodríguez, et al.,  [11] 
studied experimentally a PV-TEG hybrid 
system where both the PV and TEG absorb 
solar energy with PV material was silicon, 
while TEG material was bismuth-Telluride. 
The Fresnel lens was used for TEG, whereas 
PV module was non-concentrated. The results 
revealed that   a thermal hybrid solar system 
of a PV-TEG-radiation concentrator was able 
to provide high electrical and thermal 
efficiency with relatively low cost. PV-TEG 
hybrid systems  PV-TEG hybrid systems 
could be classified into many types [12]. In 
majority configurations of PV-TEG hybrid 
systems, the TEG gets its input heat from PV 
back surface. So, the critical issue here is the 
operating temperature of contact surface 
between PV and TEG. Increasing the 
operating temperature of PV-TEG contact 
surface will improve the performance of TEG 
and decreases the performance of PV and may 
be causes damage for its material [11]. 

 

In the present numerical study we 
proposed a new configuration hybrid PV-
STEG with common HS for both, absorbs 
excess heat from PV cell to adjust it 
temperature to acceptable value, and at the 
same time, increase the temperature difference 
between TEG surfaces. In this configuration 
decreasing cell temperature will help improve 
both PV and STEG performance and expect 
that the configuration will solve some weak 
points in other used configurations. 

 This study aimed at investigating and 
analysing new configuration of hybrid none 
concentrated PV-concentrated -STEG that is 
cooled by wide micro-channel heat sink and 
also to study the effect of water flow rate on 
the system performance at different values of 
solar concentration for STEG. 

. 

2. General view of proposed physical model 
 

The current study includes a new 
designed configuration of solar PV-STEG 
hybrid system as shown in Fig. 1. The main 
components of system studied are solar 
concentrator (Parabolic trough), PV solar cell, 
STEG, and micro-channel HS. The STEG is 
consist of solar absorber plate and TEG [3]. 
The Geometry of solar absorber 
is 𝐿𝑎𝑎 ,𝑊𝑎𝑎 ,𝛿𝑎𝑎  with PV solar cell that has 
number of layers, Glass, and silicon layers. 
The silicon layer is put inside transparent 
ethylene vinyl acetate (EVA) layer to save it 
and the final layer is the tedlar polymer layer, 
a photo-stable layer made of polyvinyl 
fluoride (PVF). [13] and the used HS is wide 
micro channel made from aluminium [14] 
with water flowing through 𝐻𝑤𝑎𝑤𝑤𝑤 = 0.1 𝑚𝑚 
micro-channel with hydraulic diameter 
of 𝐷𝑤𝑎𝑤𝑤𝑤 = 0.2𝑚𝑚. The detailed geometry is 
presented in table 1 and important properties 
material used as shown in table 2. In the 
current work, wide HS is sandwiched between 
PV solar cell and STEG.  
 



 
Fig. 1. Physical Description.  

 
 
Table 1. Geometry of PV-STEG 
Part Name Dimension 
Glass layer 125mmx31.25mmx3mm 
Up EVA layer 125mmx31.25mmx0.5mm 
SI Layer 125 x31.25mmx0.2mm 
lower EVA layer 125mmx31.25mmx0.5mm 
Tedlar 125mmx31.25mmx0.3mm 
Channel thickness  0.1mm 
Ceramic layer (hot-cold) 125mmx31.25mmx0.8mm 
Electrical connections  1.5mmx1.5mmx0.15mm 
Legs of TEG 1.5mmx1.5mmx5mm 
 

 
3. EQUATIONS 
3.1. PV module  

General heat transfer through layers including 
PV layers TEG Layers and channel walls by 
conduction in Cartesian coordinates[15, 16] is 
as follows;  

ρ. ∁p. ∂T
∂t

= ∇. (q) + Q   (1) 

Where ρ is the solid density, ∁p  is solid specific 
heat at constant pressure, q is heat transfer by 

conduction, and Q heat generation per unit 
volume 

For study state  conditions ∂T
∂t

= 0    

0 = ∇. (q) + Q  (2) 

q = κlayer∇T  (3) 

Where  κlayer is thermal conductivity of layer 

The equations related to power generation and 
conversion efficiency of PV[17] 

Eelec,pv =  ηSc. τg. τt,EVA. (G)   (4) 

ηSc =  ηref(1 − βref. (Tsc − Tref))   (5) 

Where: 𝜼𝒓𝒓𝒓 and 𝜷𝒓𝒓𝒓are the solar cell efficiency 
and temperature coefficient at a reference 
temperature of 𝑻𝒓𝒓𝒓 = 𝟐𝟐℃ respectively. 
Symbol (𝑮) is for the net concentrated solar 
radiation incident on the solar system surfaces 
regardless of the concentrator’s optical losses. 

The rates of heat transfer though interface 
between solar cell layers could be calculated 
as following. 

q1 = q2 = κ1∇T = κ2∇T  (6) 

Where: subtitle 1, 2 related to layer that heat 
transfer from, layer heat transfer to it 
respectively. 

 3.2. STEG module  

STEG consisted from Absorber and TEG[18]. 
Solar energy absorbed by absorber is 
calculated from the next equation.  

Qabs = αabs. G  (7) 

Where: symbol  αabs is the absorptivity of 
used absorber. 

The properties of studied TEG are depending 
on its material temperature, so its general 
governing equation could be rearranged as 
following[19] 

Table 2. Surface Optical Properties 

property (𝛒) (𝛕) (𝛂) (𝛆) 
Glass  0.04 0.95 0.04 0.85 
silicon  0.08 0.02 0.9 - 
EVA  0.02 0.9 0.08 0.9 
TED 0.86 0.012 0.128 0.9 
TEG Absorber - - 0.9 0.15 



0 = ∇. (κ∇T) + J2

σ
− TJ.∇α    (8) 

Where J
2

σ
,  J  , TJ.∇α, (κ∇T) are joule heat , 

heat transfer by conduction , generated power 
due to conversion of heat in to electrical 
energy through seebeck respectively.    

3.3. Wide micro-channel. 

General Governing equations that control the 
flow of water through micro-channel are 
numerically solved by finite volume (fluent) 
[20] 

Mass conservation  

∇. �ρV��⃗ � = 0  (9) 

  Momentum conservation  

V��⃗ .∇�ρV��⃗ � = ∇P + ∇. (µ∇. V��⃗ )  (10) 

  Energy conversation  

V��⃗ .∇(ρ. Cf. Tf) = ∇. (κ∇Tf)  (11) 

 
 
4. NUMERICAL SOLUTION 
 
A numerical model using ANSYS Workbench 
v. 17.2 for numerical computation, based on 
multi-physics equations such as heat transfer, 
fluid mechanics and thermoelectricity was 
developed to predict both thermal and 
electrical powers of PV and TEG. 
 
4.1. Mesh independent test 
 
A mesh independence test is performed to 
reach accurate results independent of the 
number of grids. It is found that the solar cell 
temperature changes slowly with the further 
increase of the number of grid cells greater 
than 16,708,450 for the whole domain. The 
simulations were performed using Dell 
Precision T7500 workstation With Intel 
Xeon® processor of 3 GH, 40-Processors. 
 
 
 

4.2. MODEL VALIDATION. 
 
The studied Model includes three parts, PV, 

STEG, and Micro-channel. Each part was 
validated as following. 

 
4.2.1. Solar Cell Model Validation 

 
Fig. 2,  is the model of studied PV cell  
validated with experimental results[21]. The 
results are in good range. 

 
Fig. 2. Validation of PV solar cell temperature 

 
 

4.2.2. STEG Model Validation 
 

STEG model was validated with theoretical 
results [22] the results shown a  maximum 
deviation of  2% in efficiency. The method to 
simulate thermoelectric generator was taken 
from[23].   

 

 
Fig. 3. TEG efficiency validation. 

 
 



4.2.3. Micro-channel Model Validation 
 

According to the description and dimension of 
micro channel, it is look like channel between 
two extended plates and could be solved as 
two dimensions.  Velocity profile was 
compared with theoretical velocity profile 
predicted from the next exact equation. As 
reported [24, 25] 

u = (3um/2) ∗ (1 − �y
b
�
2

)    (12) 

 

 
Fig. 4. Velocity profile for laminar fully developed 
flow at Reynolds number =50 

5. RESULTS AND DISCUSSIONS. 

The results are presented in three subsections. 
The first subsection demonstrates the variation 
of average temperature for PV cell, and TEG 
surfaces (i.e. hot and cold) with water flow 
rate, and the effect of concentration ratio on 
STEG. The second subsection presents the 
effect of cooling water mass flow rate on PV-
STEG efficiencies under different values of 
concentration ratio. While the third subsection 
report on how to select operating point for 
studied system. 

5.1. Surfaces Temperature 

Surfaces temperatures jump with solar 
concentration increase and gradually decrease 
with more water flow rate until certain value 
according to their thermal properties of 
studied material (i.e. value of thermal 
conductivity). Fig 5-a  shown the average 
temperature of PV solar cell have reached to 
about 305𝐾 for all values of solar 

concentration incident on STEG surface and 
at Re=100. The results reveal that the effect of 
TEG on PV temperature is small at high 
concentration ratio and that is a good point in 
new configuration. Figs. 5-b, 5-c  shown the  
effect of solar concentration on temperature 
difference between hot and cold side of TEG 
is higher than cooling effect as the 
temperature difference changes from 
about 23K to 140K  when concentration ratio 
on STEG changes from 3 suns to 20 suns, 
respectively. 

 

 

 
Fig. 5. (a) Average temperature of PV solar cell, (b) 



Average temperature of TEG hot side, and (c) Average 
temperature of TEG cold side 

5.2. PV-STEG efficiencies 

As seen in Fig.6-a and as discussed in previous 
subsection the temperature of PV solar cell is 
slightly affected by changing solar concentration 
incident on STEG. So at high water flow rate the 
PV conversion efficiency has constant value 
which is about 0.194 at Re =  100. More over the 
conversion efficiency of STEG becomes better at 
high concentrations ratio as shown in Fig.6-b 
with maximum and minimum STEG 
efficiency is about 0.006441 and 0.036291. 

 

 

 
Fig. 6. (a) PV solar cell conversion efficiency 
,and (b) STEG conversion efficiency 
 

5.3. Net Power generated 

As shown in Figures 7-a, and 7-b the 
operating points for investigated system can 
be developed from separation point between 
total power generated curve, and net power 
curve. For 𝐶𝐶𝑆𝑆𝑆𝑆= 20, and 3 suns, the 
operating point are at Re= 40, and 20 

respectively. Due to increasing Reynolds 
number (i.e. increasing flow velocity), the 
power consumed against friction between 
water flow and channel wall increases. 
 

 

 
Fig. 7. (a) Whole system operating point at 20 suns for 
STEG 
and (b) Whole system operating point at 3 suns  for 
STEG 
 
3. CONCLUSIONS 
From results and discussion we could 
conclude that the proposed Parallel PV-STEG 
configuration has ability to generate more 
power at good conversion efficiency for both 
PV and STEG when the  efficiency of PV 
solar cell remain constant with high value at 
different values of solar concentration incident 
on STEG. Moreover efficiency of STEG is 
enhanced with higher value of concentration 
ratio incident on STEG absorber with slight 
effect on PV solar cell temperature especially 
at high water flow rate (i.e. higher Re). 
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